W. PP1␥ functionally augments the alternative splicing of CaMKII␦ through interaction with ASF. Am J Physiol Cell Physiol 306: C167-C177, 2014. First published November 6, 2013 doi:10.1152/ajpcell.00145.2013.-Protein phosphatase 1 (PP1) and Ca 2ϩ /calmodulin-dependent protein kinase ␦ (CaMKII␦) are upregulated in heart disorders. Alternative splicing factor (ASF), a major splice factor for CaMKII␦ splicing, can be regulated by both protein kinase and phosphatase. Here we determine the role of PP1 isoforms in ASF-mediated splicing of CaMKII␦ in cells. We found that 1) PP1␥, but not ␣ or ␤ isoform, enhanced the splicing of CaMKII␦ in HEK293T cells; 2) PP1␥ promoted the function of ASF, evidenced by the existence of ASF-PP1␥ association as well as the PP1␥ overexpression-or silencing-mediated change in CaMKII␦ splicing in ASFtransfected HEK293T cells; 3) CaMKII␦ splicing was promoted by overexpression of PP1␥ and impaired by application of PP1 inhibitor 1 (I1PP1) or pharmacological inhibitor tautomycetin in primary cardiomyocytes; 4) CaMKII␦ splicing and enhancement of ASF-PP1␥ association induced by oxygen-glucose deprivation followed by reperfusion (OGD/R) were potentiated by overexpression of PP1␥ and suppressed by inhibition of PP1␥ with I1PP1 or tautomycetin in primary cardiomyocytes; 5) functionally, overexpression and inhibition of PP1␥, respectively, potentiated or suppressed the apoptosis and Bax/Bcl-2 ratio, which were associated with the enhanced activity of CaMKII in OGD/R-stimulated cardiomyocytes; and 6) CaMKII was required for the OGD/R induced-and PP1␥ exacerbated-apoptosis of cardiomyocytes, evidenced by a specific inhibitor of CaMKII KN93, but not its structural analog KN92, attenuating the apoptosis and Bax/Bcl-2 ratio in OGD/R and PP1␥-treated cells. In conclusion, our results show that PP1␥ promotes the alternative splicing of CaMKII␦ through its interacting with ASF, exacerbating OGD/R-triggered apoptosis in primary cardiomyocytes.
protein phosphatase 1␥; alternative splicing factor; CaMKII␦C; splicing; cardiomyocytes TYPE 1 PROTEIN PHOSPHATASE (PP1) is a major serine/threonine protein phosphatase that can regulate diverse pathological processes such as cardiac ischemia (31) and contractility (23, 27) . Cardiac ischemia was found to induce phospholamban (PLB) dephosphorylation via activation of PP1, thereby inducing intracellular Ca 2ϩ overload in reperfusion (31) . Elevated mRNA level of PP1␥ and PP1 activity has been observed in end-stage human failing hearts (19, 21) . Inducible expression of phosphatase-1 inhibitor-1 (I1PP1), a protein inhibitor of PP1, protects cardiomyocytes against ischemia/reperfusion injury by enhancing the basal cardiac function (24) . Even so, the exact mechanism of PP1 in heart disease is still obscure. Mammalian species have three major PP1 isoforms, which are encoded by three independent genes: PP1␣, PP1␤, and PP1␥ (5, 7, 28) . Although their homologues are 80% identical in amino sequence, they still exhibit distinct functions. For example, PP1␣ is essential for the formation of synaptic plasticity and memory processes (35) ; PP1␤ was found to attenuate Ca 2ϩ transients in cardiomyocytes (1) ; and PP1␥ mediates the striatal dopamine depletion-induced hyperphosphorylation of synaptic proteins in brain (3) . However, how these isoforms are involved in cardiac dysfunction is not clear.
Apart from the change in PP1, cardiac dysfunction is also accompanied by the variation of the other proteins such as Ca 2ϩ /calmodulin-dependent protein kinase ␦ (CaMKII␦), a major isoform of CaMKII in heart (18) . Three primary splicing variants of the CaMKII␦ isoform, ␦A, ␦B, and ␦C, have been cloned (8, 11) . These variants differing in the presence of an 11-amino-acid nuclear localization signal (NLS) show different subcellular distributions to either nuclear or cytoplasmic compartments (32, 38, 39) . The CaMKII␦B isoform contains NLS that is absent from CaMKII␦C. Hence, CaMKII␦ heteromers comprised primarily of ␦B isoform localize to the nucleus, while those with predominantly ␦C isoform distribute into the cytoplasm (38, 39) . Another isoform, CaMKII␦A, is also expressed in neonatal cardiomyocytes and begins to switch off 30 days after birth (36) . Functionally, both ␦B and ␦C play important roles in cardiac ischemia via promoting the apoptosis of cardiomyocytes (25, 38) , and the ␦A isoform was reported to mediate cardiac hypertrophy by regulating fetal cardiac genes such as atrial natriuretic factor (ANF) and ␤-major histocompatibility complex (␤-MHC) (15) . Thus CaMKII␦ is a promising target for cardiac disorders therapies.
So far, a well-known way to modulate CaMKII␦ is alterative splicing factor (ASF)-mediated alternative splicing (36) . ASF, also named serine/arginine-rich splicing factor 1 (SRSF1), is a prototypical SR protein that participates in both constitutive and alternative splicing of different genes (13) . Its activity and locations are highly regulated by both phosphorylation and dephosphorylation. For example, ASF can be phosphorylated by cyclic AMP-dependent protein kinase (PKA), resulting in the enhancing of ASF function as well as the reduction in CaMKII␦A and -␦B production and the increase in -␦C production (10) . Accordingly, silencing of ASF induces an opposite result in CaMKII␦ splicing (30) . Some investigators also found that PP1 interacts with ASF and promotes its dephosphorylation (16) , indicating that ASF might be a bridge between PP1 and its downstream effectors.
In the present study, to clarify the molecular mechanism and significance of PP1 in CaMKII␦ splicing, we explored the functional correlations between PP1 isoforms and CaMKII␦ splicing. Our results demonstrate that PP1␥ promotes the splicing of CaMKII␦ in both HEK293T cells and primary cardiomyocytes by augmenting the function of ASF, aggravating the oxygen and glucose deprivation followed by reperfusion (OGD/R)-induced cardiac apoptosis likely by increasing CaMKII␦C production and Bax/Bcl2 ratio. Suppression of PP1␥ protects cardiomyocytes from OGD/R-induced apoptosis.
MATERIALS AND METHODS
Materials. HEK293T cells were purchased from ATCC (Manassas, VA). Dulbecco's modified Eagle's medium/F12 (DMEM/F12) was the product of Gibco Invitrogen (Carlsbad, CA). Fetal bovine serum (FBS) was purchased from Hyclone (Logan, UT). 1% Penicillinstreptomycin, Hoechst 33342, KN93, and KN92 were purchased from Sigma (St. Louis, MO). Tautomycetin (TC) was purchased from Tocris Bioscience (Ellisville, MO). Antibodies against ASF, PP1␤, and PP1␥ were the products of Proteintech (Chicago, IL). Antibodies against PP1␣ and cAMP response element-binding protein (CREB) were purchased from Bio-world Technology (Minneapolis, MN). Antibodies against phospho-CREB and IgG were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against PLB and phospho-PLB were purchased from Badrilla (Leeds, UK). Antibodies against Bax, Bcl-2, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were the products of Cell Signaling Technology (Beverly, MA). IRDye 680 donkey anti-rabbit IgG and anti-mouse IgG secondary antibodies were purchased from LI-COR Biosciences (Lincoln, NE). Protein A/G PLUS-Agarose was the product of Santa Cruz Biotechnology. Other related agents were purchased from commercial suppliers. TC was dissolved in dimethyl sulfoxide (DMSO). The final concentration of DMSO was Ͻ 0.05%. No detectable effects of DMSO were found in our experiments. All drugs were prepared as stock solutions, and stock solutions were stored at Ϫ20°C.
Cell preparation. HEK293T cells were cultured in DMEM/F12 supplemented with 10% FBS and 1% penicillin-streptomycin (100 U/ml). Ventricular cardiomyocytes were isolated from neonatal rats (days 0 -1). The use of rats was approved by the University Animal Ethics Committee of Nantong University (Permit Number: 2110836). Rat ventricles were excised and washed three times with PBS containing 136.8 mM NaCl, 2.6 mM KCl, 0.88 mM KH 2PO4, 9.7 mM Na2HPO4, and 1% penicillin-streptomycin (pH 7.4), to wash blood clots out. Clean ventricles were then dissected carefully into small slivers using a surgical scissors. Slivers were then transferred into a phial to digest with a trypsin solution (0.6 mg/ml, 37°C, 20 min). Next, the supernatants were discarded after centrifugation at 500 g for 2 min, and the precipitates were resuspended in FBS. The above steps were repeated 7-10 times until the ventricles were completely digested. Then cell suspensions were placed in culture dish in the humidified 5% CO 2/95% air at 37°C. After 1.5 h, the supernatants were removed and diluted to confluence 1 ϫ 10 6 /ml, and placed in 6-well tissue culture dishes with fresh DMEM/F12 medium. Bromodeoxyuridine (0.5 g/ml) was added to prevent the proliferation of noncardiomyocytes. All cells were kept in humidified 5% CO 2/95% air at 37°C.
Plasmids transfection. CaMKII␦ minigene, pCI/CaMKII␦ E13-E17, comprising CaMKII␦ exons 13, 14, 15, 16 , and 17 and introns 13, 14, 15, and 16, was provided by Dr. Jianhua Shi in Nantong University. pCEP4-ASF-HA, pcDNA3.1-PP1␣, pcDNA3.1-PP1␤, and pcDNA3.1-PP1␥ (human) were gifts from Professor Fei Liu in Nantong University. Lipofectamine 2000 from Invitrogen (Carsbad, CA) was used to transfect HEK293T cells. In 24-well plates, cells in each well were incubated with 1.2 g plasmid DNA and 2.0 l Lipofectamine 2000 in 500 l total Opti-MEM (Invitrogen) for 5 h at 37°C (5% CO 2); 500 l of DMEM/F12 supplemented with 10% FBS was then added for further culture. For cotransfection experiments, 1.2 g of total plasmid containing 0.4 g of pCI-Neo-E13-E17 splicing vector, 0.4 g of ASF vector, or 0.4 g of PP1 vector or their corresponding control vectors were used to incubate cells.
RNA interference. To silence PP1␥, the short interfering RNA (siRNA) target sequences 5=-GUGGAUGAAACACUAAUGUTT-3= (PPP1CC-homo-1096), 5=-GUGCAGAAGUGGUUGCAAATT-3= (PPP1CC-homo-753), and 5=-CUGCUGUCAUGGAGGUUUATT-3= (PPP1CC-homo-926) from Shanghai GenePharma (Shanghai, China) to human PP1␥ were used in this study. The target sequences 5=-GCCCA-GAAGUCCAAGUUAUTT-3= (ASF-homo-2598), 5=-GGAGUUU-GUACGGAAAGAATT-3= (ASF-homo-795), and 5=-GGAGCUGGAU-CAUUGGAUUTT-3= (ASF-homo-687) from Shanghai GenePharma to ASF were used to silence ASF. HEK293T cells were cultured in 12-well plates were transfected with various amounts of siRNA using Lipofectamine 2000 (Invitrogen). The same amounts of scramble siRNA were used for controls. After 48 h, cells were lysed, and cellular protein and RNA were extracted for Western blot and q-PCR assay.
Generation of OGD/R model in rat neonatal primary cardiomyocytes. Lack of oxygen and glucose was used to mimic in vitro ischemia, and recovering to normal growth conditions was used to mimic reperfusion. The growth medium was replaced with D-Hanks buffers, and the cells were transferred to a hypoxic incubator (Thermo) filled with saturated nitrogen to incubate 4 h. Oxygen was adjusted to 1.0% and CO 2 to 5.0%. Reoxygenation was initiated by replacing the hypoxia solutions with Hanks buffers including Ca 2ϩ , Mg 2ϩ , and glucose. The cells were then cultured in the incubator under an atmosphere of 5% (vol/vol) CO2 in air at 37°C for further 12 h. Nontreated cells were used as controls.
Hoechst 33342 staining. For Hoechst 33342 staining, cells in different groups were fixed and treated with Hoechst 33342 staining solutions. Cells with Hoechst 33342 solutions were mixed gently and stained for 20 -30 min at 4°C, then the cells were observed using fluorescent microscope. Cells with condensed bright nuclei were regarded as apoptotic. The apoptosis rate was calculated by the ratio between the numbers of cells with condensed bright nuclei and total cell numbers. The number of apoptotic cells was counted from the resulting four phases for each point with a digital camera and microscope (Olympus, Japan), and then averaged for each experimental condition. The data presented were generated from three separate assays.
TUNEL assay. The apoptotic nuclei of cardiomyocytes were detected with one step terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay kit from Bi Yuntian Biological Technology Institution (Shanghai, China). The images of TUNEL-positive cells were viewed with a Nikon Eclipse 800 microscope.
PP1␥ adenovirus construction and transfection. The AdEasy Adenoviral vector system was used to prepare recombinant adenoviruses. Rat full-length PP1␥ and I1PP1 cDNA from NCBI (NM 022498.1 and AY648296.1, respectively) were subcloned into the pShuttle vector, which contained cDNA for enhanced green fluorescent protein (EGFP) and red fluorescent protein (RFP), respectively, and were under the control of the cytomegalovirus promoter (Ad/PP1␥ and Ad/I1PP1). Recombinant adenovirus plasmids containing EGFP and RFP (Ad/EGFP and Ad/RFP, respectively) were used as controls. For adenoviral packaging, adenoviruses were amplified in HEK293T cells, the particle count was estimated on a spectrophotometer at a wavelength of OD260, and viral titers were determined by plaque assay. For primary cardiomyocytes, cells were cultured in 6-well plates, and the serum-containing medium was then changed with serum-free medium immediately before transfection. Twenty-four hours later, cardiomyocytes were infected with Ad-Ppp1r1a and Ad-Ppp1cc at 200 -500 viral particles/cell for 24 h.
Western blot. To extract the total protein, HEK293T cells or cardiomyocytes were lysed on ice for 30 min in lysis buffer (50 mM Tris-HCl, pH 7.4, 1 mM EDTA, 100 mM NaCl, 20 mM NaF, 3 mM Na 3VO4, 1 mM PMSF, with 1% Nonidet P-40, and protease inhibitor cocktail). The lysates were centrifuged at 12,000 g for 15 min, and the supernatants were recovered. After denaturation by heating at 95°C for 5 min, 30 g of proteins was separated on 10% SDS/PAGE gels and then transferred to nitrocellulose membranes by using a transfer cell system (Bio-Rad). The membranes were then probed with appropriate primary antibodies after incubation with blocking buffer. Membrane-bound primary antibodies were assayed with IRDye 680-labeled secondary antibodies. Immunoblots were visualized by scanning using Odyssey. All assays were performed at least three times. Analysis of protein band was performed with ImageJ software.
Quantification of the splicing of CaMKII␦ by reverse transcription reaction (RT-PCR).
Total RNA was isolated from HEK293T cells or purified ventricular cardiomyocytes using Trizol reagent (Invitrogen) followed by isopropanol precipitation. RNA concentration was assessed by spectrophotometry, and 2 g RNA were used for cDNA synthesis with the RevertAid First Strand cDNA Synthesis system for RT-PCR kits (Fermentas). Primers used for checking different CaMKII␦ isoforms in HEK293T cells were 5=-GGTGTCCACTCCCAGTT-CAA-3= (forward) and 5=-GTCTTCA TCCTCAATGGTGGTG-3= (reverse). Primers used for checking CaMKII␦A, CaMKII␦B, and CaMKII␦C in primary cardiomyocytes were quoted from a previous study (36) : CaMKII␦A, 5=-CGAGAAATTTTTCAGCAGCC-3= (forward) and 5=-ACAGTAGTTTGGGGCTCCAG-3= (reverse); CaMKII␦B, 5=-CGAGAAATTTTTCAGCAGCC-3= (forward) and 5=-GCTCTCAGTTGACTCCATCATC-3= (reverse); CaMKII␦C, 5=-CGAGAAATTTTTCAGCAGCC-3= (forward) and 5=-CTCAGTT-GACTCCTTT ACCCC-3= (reverse). Primers used for checking GAPDH were 5=-CCATGTTCGTCATGGGTGTGAACCA-3= (forward) and 5=-GCCAGTAGAGGCAGGGATGATGTTC-3= (reverse). Three microliters of the first strand product was used as a template in each 25 l PCR reactions. The cycling parameters consisted of one cycle of 3 min at 94°C, then 30 cycles of 30 s at 94°C, and then 30 s at 55°C. RT-PCR products were electrophoresed on a 2% agarose gel. All assays were performed at least three times. Analysis of DNA band was performed with ImageJ software. The expression levels of CaMKII␦ isoforms were normalized to the total density of the three CaMKII␦ isoforms in the same treatment group and were shown as the percentage of relative density.
Coimmunoprecipitation. Protein lysates were extracted from HEK293T cells or primary cardiomyocytes with cell lysis buffer (50 mM Tris-HCl, pH 7.4, 1 mM EDTA, 100 mM NaCl, 20 mM NaF, 3 mM Na 3VO4, 1 mM PMSF, with 1% Nonidet P-40, and protease inhibitor cocktail), and centrifuged at 12,000 g for 15 min at 4°C. The PP1␣, PP1␤, and PP1␥ antibodies were added into cell lysates (1 g/l) and incubated overnight on a rotary wheel at 4°C. The protein A/G PLUS agarose beads were washed 2 times (2 min per time) using normal washing buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM EDTA, with 1% Nonidet P-40, and protease inhibitor cocktail). Then the washed beads were added into the above protein-antibody mixture (0.25-0.5 g antibody/10 l agarose beads), and incubated for an additional 2 h at room temperature. Beads were washed 1 time with normal washing buffer at first. Then the beads were further washed 5 times with high-salt washing buffer (50 mM Tris-HCl, pH 7.4, 500 mM NaCl, 1 mM EDTA, with 1% Nonidet P-40, and protease inhibitor cocktail). Bead-bound proteins were dissolved in 4ϫSDS loading buffer, and boiled at 95°C for 5 min. Finally, the identity of proteins was determined by Western blot. For checking the association between ASF and PP1␥, bead-bound ASF was normalized to total ASF. For checking the expression of PP1␥ after pathological stimulation, PP1␥ was normalized to GAPDH. Analysis of protein band was performed with ImageJ software.
Statistical analysis. All data are expressed as means Ϯ SE. Statistical analysis was performed using one way ANOVA test following isoforms (n ϭ 3, *P Ͻ 0.05, **P Ͻ 0.01 vs. control). C: overexpression of PP1␥, but not PP1␣ or -␤, altered Ca 2ϩ /calmodulin-dependent protein kinase ␦ (CaMKII␦) splicing. CaMKII␦ splicing was measured by RT-PCR at 48 h after transfection of miniCaMKII␦-genes. D: statistical data showing the change in CaMKII␦ splicing after overexpression of different PP1 isoforms (n ϭ 3, *P Ͻ 0.05 vs. control). E: knockdown of PP1␥ by short interfering RNA (siRNA) inhibited CaMKII␦ splicing in HEK293T cells. pCI/CaMKIIdE13-E17 was cotransfected with PP1␥ siRNA or scramble siRNA into HEK293T cells. E, top: PP1␥ expression in PP1␥ siRNA-treated cells. E, bottom: CaMKII␦ splicing was measured by RT-PCR at 48 h after transfection. Overexpression of PP1␥ was used as the positive control. F: statistical data showing the change in CaMKII␦ splicing after PP1␥ overexpression or PP1␥ siRNA (n ϭ 3, *P Ͻ 0.05 vs. control). All data are shown as means Ϯ SE.
by post hoc test. P Ͻ 0.05 or P Ͻ 0.01 was considered statistically significant.
RESULTS

PP1␥, but not PP1␣ or -␤, promotes the splicing of
CaMKII␦ in HEK293T cells. It has been shown that PP1 and CaMKII␦C activity are simultaneously upregulated in cardiac disorders (23, 31, 38) . However, the relationship between PP1 isoforms and CaMKII␦ splicing was unclear. To test if PP1 isoform specifically promotes CaMKII␦ splicing, we tested the splicing of CaMKII␦ in HEK293T cells cotransfected miniCaMKII␦ gene pCI/CaMKIIE13-E1726 (Fig. 1A) and human PP1␣, -␤, and -␥ plasmids using RT-PCR. In comparable level of PP1␣, -␤, and -␥, evidenced by Western blot (Fig. 1B) , only PP1␥ significantly reduced the CaMKII␦A and -␦B production, and correspondingly enhanced CaMKII␦C production (Fig. 1,   C and D) . To further confirm the involvement of PP1␥ in CaMKII␦ splicing, endogenous PP1␥ was knocked down by PP1␥-specific siRNA in HEK293T cells. As expected, PP1␥ was significantly silenced by siRNA at the concentrations ranging from 20 to 100 nM (Fig. 1E ). This silencing of PP1␥ decreased the CaMKII␦C production and simultaneously increased CaMKII␦A and -␦B production (Fig. 1, E and F) . The change of CaMKII␦ splicing in PP1␥-overexpressed cells was used as the positive control (Fig. 1, E and F) . Taken together, these results demonstrate that PP1␥ promotes the splicing of CaMKII␦ in HEK293T cells.
ASF is required for PP1␥-mediated CaMKII␦ splicing in HEK293T cells. Because ASF was reported to regulate the splicing of CaMKII␦ in different cells (16, 40) , we further confirmed the requirement of ASF in PP1␥-mediated CaMKII␦ splicing. Endogenous ASF was knocked down by ASF-specific siRNA ( Fig. 2A) . Downregulation of ASF expression remarkably decreased the CaMKII␦C production and simultaneously increased CaMKII␦A and -␦B production in HEK293T cells (Fig. 2, A and B) . Overexpression of ASF exhibited opposite results in CaMKII␦ splicing (Fig. 2, A and B) , further supporting the essential role of ASF in CaMKII␦ splicing.
Next, using cotransfection of ASF with PP1␥ plasmids into HEK293T cells, we tested whether PP1␥ augments the function of ASF in CaMKII␦ splicing. The dose-dependent results showed that cotransfection of ASF and PP1␥ increased the CaMKII␦C production (Fig. 2, C and D) and decreased CaMKII␦A and -␦B production (Fig. 2, C, E, and F) . Both the maximal increase in CaMKII␦C production and the maximal decrease in CaMKII␦A and -␦B production occurred at the concentration of 0.4 g/well of PP1␥ and 0.1 g/well of ASF (Fig. 2, C-F) . These data demonstrated that PP1␥ mediates the CaMKII␦ splicing via augmenting the pro-splicing function of ASF. To further establish the role of PP1␥ in ASF-mediated splicing of CaMKII␦, we knocked down endogenous PP1␥ with PP1␥-specific siRNA in ASF-overexpressed cells. As anticipated, downregulation of PP1␥ expression decreased the CaMKII␦C production and also increased CaMKII␦A and -␦B production in ASF-overexpressed cells (Fig. 2, G and H) . The change of CaMKII␦ splicing in both PP1␥ and ASF-overexpressed cells was considered as the positive control (Fig. 2, G  and H) . Finally, we found that ASF interacted with PP1␥ in HEK293T cells, further supporting the function of ASF in PP1␥-mediated splicing of CaMKII␦ (Fig. 2I) . In general, these findings demonstrate that ASF is necessary and sufficient for PP1␥ promoting CaMKII␦ splicing.
PP1␥ interacts with ASF to promote CaMKII␦ splicing in primary cardiomyocytes. To test whether PP1␥ affects CaMKII␦ splicing in cultured neonatal rat cardiomyocytes, we assayed the mRNA level of CaMKII␦A, -␦B, and -␦C in cultured cardiomyocytes transfected with an adeno-PP1␥ tagged (nonfused) with enhanced green fluorescent protein (EGFP) (PP1␥- EGFP), adeno-I1PP1 tagged with RFP, or a control vector encoding EGFP/RFP alone. We also explored the pharmacological approach to inhibit the activation of PP1 with TC, evidenced by the enhanced pS133-CREB phosphorylation (Fig. 3A) . In accordance with the effect of PP1␥ on CaMKII␦ splicing in HEK293T cells, PP1␥ also increased the CaMKII␦C production and at the same time decreased CaMKII␦A and -␦B production (Fig. 3, B and C) in primary cardiomyocytes. EGFP or RFP, as a control, alone had no significant influence on CaMKII␦ splicing. In contrast, inhibition of PP1 by transfection of I1PP1 tagged with enhanced red fluorescent protein (RFP) (I1PP1-RFP) reduced CaMKII␦C production and simultaneously increased CaMKII␦A and -␦B production (Fig. 3, B and C) , providing evidence for the involvement of PP1␥ in CaMKII␦ splicing in primary cardiomyocytes. Pretreatment of cells with TC (10 M) further confirmed the role of PP1␥ in CaMKII␦ splicing (Fig. 3, B and  C) . Furthermore, OGD/R also induced a significant splicing of CaMKII␦ in neonatal rat cardiomyocytes, evidenced by an increase in CaMKII␦A and -␦C production as well as a decrease in CaMKII␦B production (Fig. 3, D and E) . Overexpression of PP1␥ further increased the CaMKII␦C production and decreased the CaMKII␦A and -␦B production (Fig. 3, D and E). In contrast, inhibition of PP1␥ with cotransfection of I1PP1 or TC (10 M) exhibited an opposite effect on CaMKII␦ splicing induced by OGD/R-treated cardiomyocytes (Fig. 3, D 
and E).
Because earlier studies have confirmed the interaction between PP1 and ASF (16), we next investigated the association of PP1␥ with ASF in primary cardiomyocytes. We did not observe a significant increase in the expression of ASF protein in OGD/R-treated cardiomyocytes, but OGD/R stress remarkably enhanced the association of PP1␥ with ASF by 190 Ϯ 12% over control (P Ͻ 0.01, n ϭ 4, Fig. 4, A and B) . Overexpression of PP1␥ increased the association of ASF with PP1␥ by 57 Ϯ 5% over the association in OGD/R-stimulated cells (P Ͻ 0.05, n ϭ 4, Fig. 4, A and B) . These effects were PP1␥-specific because there was no interaction between PP1␣ and ASF. The level of PP1␥ protein was increased by 65 Ϯ 3% over control (P Ͻ 0.01, n ϭ 4, Fig. 4, C and D) in OGD/Rstimulated cardiomyocytes. Of note, the interaction between PP1␤ and ASF or the expression of PP1␣ and PP1␤ protein was confirmed not to be changed by OGD/R stimulation (Fig.  4, E and F) .
PP1␥ exacerbates OGD/R-induced apoptosis of primary cardiomyocytes associated with CaMKII␦ splicing and Bax/ Bcl-2 expression. The importance of CaMKII␦C in heart ischemia (25, 40) and the possibility of mRNA translation prompted us to determine whether the PP1␥-induced change in CaMKII␦ splicing affects ischemic apoptosis. Apoptotic cells were measured after OGD/R insult using Hoechst 33342 staining and TUNEL assay. As expected, OGD/R itself induced a significant increase in apoptotic numbers of primary cardiomyocytes, and PP1␥-EGFP overexpression further increased it (Fig. 5, A-C) . In contrast, either I1PP1-RFP overexpression or TC pretreatment (10 M, 30 min) exhibited an opposite result (Fig. 5, A-C) . These results suggest that PP1␥ is sufficient and necessary to prompt the OGD/R-induced cardiomyocytes apoptosis.
To test whether the proapoptotic role of PP1␥ might be associated with CaMKII activity, we observed the change in the phosphorylation level of PLB, a specific substrate of CaMKII (40) , in primary cardiomyocytes. As shown in Fig. 5 , D and E, OGD/R itself increased the phosphorylation level of PLB in primary cardiomyocytes, which was further increased by PP1␥-EGFP overexpression. In contrast, both overexpression of I1PP1-RFP and pretreatment of TC attenuated the phosphorylation level of PLB (Fig. 5, D and E) .
Bax and Bcl-2 are the two classical proteins that contribute to the development of apoptosis (6, 9) . To determine whether Bax and Bcl-2 participate in the PP1␥-induced apoptosis, we assayed the expression of Bax and Bcl-2 protein after PP1␥ and I1PP1 overexpression or TC treatment. As shown in Fig. 5 , F and G, OGD/R itself increased the Bax/Bcl-2 ratio in cardiomyocytes. Overexpression of PP1␥ further increased this ratio in OGD/R-treated cells. In contrast, I1PP1 overexpression or TC treatment reduced Bax/Bcl-2 ratio (Fig. 5, F and G) . Neither EGFP nor RFP had a significant effect on Bax/Bcl-2 ratio (Fig. 5, F and G) . These findings demonstrate that PP1␥ promotes the apoptosis of primary cardiomyocytes via disturbing the Bax/Bcl-2 balance.
Finally, we used KN93, a specific inhibitor of CaMKII, to investigate if CaMKII is required for the PP1␥-mediated promotion of apoptosis in primary cardiomyocytes. We found that KN93 significantly attenuated the OGD/R and PP1␥ cotreatment-induced increase in apoptotic cells (Fig. 6, A and B) . KN92, a structural analog of KN93, failed to affect the OGD/R and PP1␥ cotreatment-induced apoptosis (Fig. 6, A and B) . Furthermore, KN93, but not KN92, was found to reduce the OGD/R and PP1␥ cotreatment-induced increase in Bax/Bcl-2 ratio, and also reduce the phosphorylation level of PLB (Fig. 6,  C and D) , suggesting that activation of CaMKII␦C, a cytosollocated CaMKII␦ isoform, is indeed required for PP1␥-mediated apoptosis in primary cardiomyocytes.
DISCUSSION
The findings herein indicate that PP1␥ promotes the alternative splicing of CaMKII␦ by augmenting the function of ASF in HEK293T cells and primary cardiomyocytes, leading to an increase in CaMKII␦C production as well as a decrease in CaMKII␦B production (Fig. 7) . PP1␥-induced splicing of CaMKII␦ functionally mediates the OGD/R-induced apoptosis in cardiomyocytes. Blocking of CaMKII␦ splicing or activity results in an effect of cardiac protection, exhibited by the decrease in cellular apoptosis and Bax/Bcl-2 ratio.
It has been shown that PP1 activation mediates dephosphorylation of PLB in heart ischemia (31) . Induction of the expres- sion of I1PP1, an inhibitor of PP1, also protects the cardiomyocytes from ischemic injury (24) . Consistently, our present studies showed that overexpression of PP1␥ can aggravate the OGD/R-triggered apoptosis in primary cardiomyocytes, while inhibition of PP1␥ ameliorates apoptosis, suggesting that PP1␥ might be crucial for cardiac apoptosis during ischemia. Bax/ Bcl-2 ratio determines whether cells go into apoptosis or not. We found that overexpression or inhibition of PP1␥ results in an opposite effect on OGD/R-induced increase in Bax/Bcl-2 ratio, further supporting the crucial function of PP1␥ in cardiac injury in vitro ischemia.
Splicing factor containing arginine-serine repeats (SR) protein is the essential factor that controls the splicing of precursor mRNA by regulating multiple steps in spliceosome development. The prototypical protein of SR ASF contains two NH 2 -terminal RNA recognition motifs and a 50-residue COOHterminal RS domain that can be phosphorylated at numerous serines by SR-specific protein kinase 1 (SRPK1) (2, 12, 17) . Recent studies have shown that phosphorylation of about 10 serines in the RS domain by SRPK1 leads to translocation of ASF from the cytoplasm to the nucleus (14, 22) . In contrast, Clk/Sty, a member of the CLK family of nuclear protein kinases, phosphorylates additional serines in the COOH terminus of RS domain (RS2) and causes ASF to disperse within the nucleus (22) . While this model presents the subcellular localization data, in vitro splicing studies have shown that both hypo-and hyperphosphorylation inhibit the splicing activity of ASF, indicating that the link between phosphorylation and splicing is complex and partial phosphorylation states may be important (26) . Protein kinase A (PKA) was also found to phosphorylate ASF, and this phosphorylation augments the CaMKII␦ splicing (10) and its function in tau exon 10 inclusion (29) . However, phosphorylation of ASF at Ser227, Ser234, and Ser238 by Dyrk1A suppresses the function of ASF in the alternative splicing of tau exon 10 (30) . Moreover, the RS1 segment has been reported to be dephosphorylated by PP1 (16) . We thus speculate that phosphorylation-dephosphorylation differentially affects the activity of splicing factor as well as its cellular localization. Our present results also support this speculation that PP1␥ binds to ASF and promotes ASF function in CaMKII␦ splicing, consequently resulting in an increase in activation of CaMKII␦C and cardiac apoptosis. However, PP1␤ did not affect the function of ASF although it also binds with ASF in cardiomyocytes. ASF plays an important role in the splicing of CaMKII␦ exons, and this splicing is reported to contribute to the functional remodeling of developing heart (36) . Knockout of ASF in the mouse heart promotes the inclusion of exons 15 and 16 and suppresses exclusions of other exons, leading to the increase in CaMKII␦A production and the decrease in CaMKII␦B and -␦C production (36) . Dysregulation of CaMKII␦ isoforms in ASF deficient mice appears to enhance excitation-contraction coupling and hypercontraction in isolated cardiomyocytes, the phenotype resulting from the targeting of the kinase to the T-tubules where several key Ca 2ϩ handling proteins are located. In this study, we observed that overexpression of ASF promotes the exclusion of exons 14, 15, and 16, increasing the production of endogenous CaMKII␦C in cardiomyocytes, which is consistent with ASF KO study. In general, our study demonstrates that ASF is essential and sufficient for the splicing of CaMKII␦ in HEK293 cells, giving evidence to support the functional significance of PP1␥/ASF association in cardiomyocytes.
Although PP1 has already been confirmed to dephosphorylate the RS1 segment in ASF in a COOH-to-NH 2 direction (16), the functional consequence of this effect is unclear. Our findings provide direct evidence for the change in CaMKII␦ splicing in PP1-overexpressed conditions. We found that only ␥ isoform participates in the splicing of CaMKII␦ among three isoforms of PP1. The reason could be that 1) PP1␣, -␤, and -␥ have differential substrates, or 2) PP1␣, -␤, and -␥ act on the same substrates but produce different effects. In fact, earlier studies have already reported that each PP1 isoform affects different substrates in a variety of processes. For example, PP1␣ was found to stimulate apoptosis of tumor cells by interacting with the retinoblastoma protein (34 ATPase (20) . PP1␥ can regulate the development of specialized flagellar structure in mammalian spermatozoa (33) . Moreover, our findings ascertained that it is PP1␤ and PP1␥ but not PP1␣ that have mutual interactions with ASF, and only PP1␥ can promote the splicing of CaMKII␦. The reason for the difference is to be investigated.
In the present study, the proapoptotic role of PP1␥ in ischemia-stressed cardiomyocytes was confirmed to be associated with CaMKII␦ splicing. Overexpression of PP1␥ increases CaMKII␦C production and simultaneously reduces CaMKII␦B production, whereas inhibition of PP1␥ partially reverses this effect. Suppression of CaMKII was also found to attenuate the PP1␥-mediated promotion of apoptosis and Bax/ Bcl-2 ratio. Although we did not investigate the corresponding change in CaMKII␦ isoform protein because of the nonavailability of commercial antibodies that can recognize distinct ␦ isoforms, some studies in literature can be found to support the function of PP1␥ in CaMKII␦ splicing-mediated cardiomyocyte apoptosis. For example, our previous data show that cardiac CaMKII␦B and -␦C are indeed inversely regulated in response to ischemic injury and oxidative stress (25, 40) . Additionally, several recent studies show that CaMKII␦C is a common mediator of cardiac apoptosis induced by diverse death-inducing stimuli such as intracellular high calcium (4) and excessive ␤1-adrenergic receptor stimulation (37, 41) . In contrast to CaMKII␦C, CaMKII␦B serves as a potent suppressor of cardiac apoptosis triggered by the induction of iHSP70 (25) . In our study, the increase in CaMKII␦B production was accompanied by the decrease in cardiac apoptosis. CaMKII␦A is mainly expressed in neonatal cardiomyocytes and little is detected in adult heart tissues. Therefore, it has received far less attention than CaMKII␦B and -␦C isoforms. Recent studies found that transgenic CaMKII␦A results in pathological cardiac hypertrophy (36) evidenced by the enlargement of cardiomyocytes and reactivation of various hypertrophic cardiac genes (15, 36) . This indicates that CaMKII␦A is a potential target for the treatment of cardiac disorders. However, in our study we found that overexpression of PP1␥ reduces CaMKII␦A production in primary cardiomyocytes, whether the cells were OGD/R-treated or not. This finding suggests that in vitro CaMKII␦A might not participate in the OGD/Rinduced apoptosis, and PP1␥-induced reduction in CaMKII␦A production might have other functions in vitro.
In conclusion, our findings indicate that PP1␥ is associated with the OGD/R-triggered cardiac apoptosis possibly by increasing CaMKII␦C production and reducing CaMKII␦B production, thus resulting in the disturbance of Bax/Bcl-2 balance. PP1␥ and its function in ASF-mediated CaMKII␦ splicing may provide important insights into the molecular mechanism of heart ischemia.
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